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Orbital-selective Mass Enhancements in Multi-band Ca2−xSrxRuO4 Systems Analyzed
by the Extended Drude Model
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We investigated optical spectra of quasi-two-dimensional multi-band Ca2−xSrxRuO4 systems.
The extended Drude model analysis on the ab-plane optical conductivity spectra indicates that the
effective mass should be enhanced near x = 0.5. Based on the sum rule argument, we showed that
the orbital-selective Mott-gap opening for the dyz/zx bands, the widely investigated picture, could
not be the origin of the mass enhancement. We exploited the multi-band effects in the extended
Drude model analysis, and demonstrated that the intriguing heavy mass state near x = 0.5 should
come from the renormalization of the dxy band.
PACS numbers: 78.20.-e, 78.30.-j, 78.40.-q, 71.30.+h
The Mott metal-insulator transition has been one of
major topics in condensed matter physics for many years.
It is well known that the conduction electron mass could
be enhanced in metals due to strong electron correla-
tions, and that it should diverge toward a metal-insulator
transition. Through Brinkman and Rice, such a mass di-
vergence has been predicted to occur in bandwidth con-
trolled systems, where the ratio between the interaction
strength U and the bandwidthW can be varied for a fixed
band filling [1]. Recently, it has been shown that the iso-
electronic Ca2−xSrxRuO4 (CSRO) compounds comprise
an excellent system to investigate the W -controlled Mott
metal-insulator transition [2, 3, 4, 5]. Here W for the
Ru t2g states should keep decreasing due to the internal
chemical pressure from substituting the Sr2+ ion with the
smaller Ca2+ ion, which gives rise to a transition from
a multi-band metal (x=2.0) to a Mott-insulator (x=0.0).
Contrary to the simple expectation of the gradual change
in W with x, these compounds exhibit quite unusual be-
havior near x=0.5. While the metal-insulator transition
occurs for x<0.2, anomalous enhancements of magnetic
susceptibility χ(0) and specific heat coefficient γ, indicat-
ing a heavy mass state, were observed near x=0.5 [2, 4].
In order to explain these surprising experimental be-
haviors, numerous workers have paid attention to the di-
rectional dependences of the Ru t2g orbitals [6, 7, 8, 9,
10]. Due to the planar crystal structure of the layered
perovskite, partially filled t2g bands become separated
into a two-dimensional dxy band, and two nearly one-
dimensional dyz/zx bands. Since the dxy band at x=2.0
has a wider W than the dyz/zx bands, some workers have
argued that orbital-selective Mott transition (OSMT)
could occur successively: i.e., at x=0.5 for the dyz/zx
bands and at x<0.2 for the dxy band [7, 8]. However,
other workers insisted that the Mott transitions should
occur simultaneously for x<0.2 [9]. The intriguing pic-
ture of OSMT has been the subject of heated debate, but
no consensus has been reached yet [10].
Optical spectroscopy has been used as a power-
ful method to investigate metal-insulator transitions of
strongly correlated electron systems. Especially, the ex-
tended Drude model (EDM) has been extensively used
to explain the electrodynamic responses near metal-
insulator transitions of numerous correlated electron sys-
tems, such as heavy fermion compounds [11] and high
transition temperature superconductors [12]. This phe-
nomenological theory describes optical conductivity spec-
tra σ˜(ω) [=σ1(ω)+ iσ2(ω)] of free carriers in terms of the
frequency(ω)-dependent scattering rate 1/τ(ω) and the
mass enhancement λ(ω) (effective mass m∗(ω) normal-
ized by the band mass mb), which is given as
λ(ω) =
ω2p
4pi
· σ2(ω)
ω|σ˜(ω)|2 . (1)
Here, ωp is the plasma frequency. However, it should be
noted that the free carriers in this model were assumed to
originate from a single band. Up to this point, there have
been no efforts to extend this analysis to the multi-band
metallic compounds.
Even for a multi-band system, σ˜(ω) is an averaged
response for all k-space. It contains all the contribu-
tions from each independent band, so it should be ex-
pressed as a linear addition of such contributions. As a
result, the optical sum rule should be valid for the multi-
band system, and the total spectral weight of the co-
herent peak ω2p should be ω
2
p =
∑
i ω
2
p,i. By expressing
the contribution from each band in terms of EDM and
comparing the sum with Eq. (1), we obtained λ(ω) =∑
i ω
2
p,i
∑
i ω
2
p,iτ
2
i (ω)λi(ω)/
(∑
i ω
2
p,iτi(ω)
)2
. When all of
τi are nearly the same [13], λ(ω) obtained from Eq. (1)
corresponds approximately to the averaged value of con-
tributions from each band weighted by ω2p,i , i.e.,
λ(ω) ≃
∑
i
ω2p,iλi(ω)/
∑
i
ω2p,i. (2)
For the CSRO system, superscripts α and β are com-
monly used to indicate two bands formed by the dyz
2FIG. 1: (a) x-dependent σ1(ω) of Ca2−xSrxRuO4 at room
temperature. Spectral weight redistribution occurs around
1.5 eV. Inset shows ε1(ω) of the x=2.00 and 0.20 compounds.
(b) x -dependent changes of ω2p. The solid and open symbols
represent values of ω2p obtained by the integration of σ1(ω)
and the zero-crossing of ε1(ω), respectively.
and the dzx orbital states. And let us assign the d
α
yz/zx,
dβyz/zx, and dxy bands as i = 1, 2, and 3, respectively.
In this Letter, we investigated the doping-dependent
in-plane σ˜(ω) taking into account of the multi-band ef-
fects. Based on the sum rule, we could argue that
the controversial dyz/zx bands would not experience the
OSMT. Instead, we could demonstrate that the heavy
mass state should be contributed to by a strong renor-
malization of the dxy band. We will provide additional
indirect evidence for this intriguing picture from the x -
dependent changes of p− d charge transfer excitations.
High quality CSRO single crystals were grown by the
floating zone method [14]. Near-normal incident reflec-
tivity spectra were measured in a photon energy range
between 5 meV and 30 eV. Using the Kramers-Kronig
analysis, σ˜(ω) were obtained [15].
Figure 1 shows the doping-dependent ab-plane σ1(ω)
of CSRO (0.06≤x≤2.0) at room temperature. All of the
σ1(ω) curves show strong coherent peaks in the zero fre-
quency limit. While the simple Drude model cannot
explain the ω-dependence of these σ1(ω), application of
the EDM would be useful to get information about the
changes of electrodynamic parameters.
Before going into a detailed discussion about the mass
enhancement changes in CSRO using Eq. (1), it is worth-
while to mention how we obtained ωp values. First, we
FIG. 2: λ(ω) of Ca2−xSrxRuO4 at room temperature ob-
tained by extended Drude model analysis for (0.5≤x≤2.0) (a).
and for (0.06≤x≤0.5) (b). As x decreases from 2.0, λ(ω) in-
creases initially, reaches a maximum at x=0.5, and then de-
creases. (c) x-dependence of λ(200 cm−1) and γ, the latter
of which is quoted from Ref. [4]. Note that the enhancement
of λ(200 cm−1) at x=0.5 is similar to that of γ. However, its
magnitude is much smaller.
estimated ωp by integrating the spectral weight of the
coherent peak using ω2p = 8
∫ ωc
0
σ1(ω)dω. Here, ωc is the
highest cutoff frequency for the free carrier response. As
shown in Fig. 1(a), an isosbetic point exists around 1.5
eV: as x decreases, the spectral weight below 1.5 eV de-
creases, but that of the higher energy region increases.
So, we chose ωc as 1.5 eV. The x-dependent values of
ω2p are displayed as solid triangles in Fig. 1(b), where ω
2
p
keeps decreasing down to x=0.06. Second, we determined
ω2p from ε1(ω) [=ε∞ − 4piσ2(ω)/ω] using the relation
ε1(ωp/
√
ε∞) = 0. ε1(ω) for two representative metal-
lic compounds, i.e., x=2.00 and 0.20, are shown in the
inset of Fig. 1(a). They show monotonic ω-dependent
increases crossing a zero level around 1.3 eV. By adopt-
ing ε∞ = 5.8, we estimated ω
2
p and displayed them as
open circles in Fig. 1(b), which show behavior quite sim-
ilar to that of the solid triangles. For further discussion
in this paper, we will adopt the ω2p values estimated by
the first method.
Figures 2(a) and 2(b) show the results for λ(ω) ob-
tained from Eq. (1). As x decreases, the λ(ω) curves
show a small upward shift down to x=0.5 [Fig. 2(a)], and
then they exhibit a rather significant downward shift be-
low x=0.5 [Fig. 2(b)]. Figure 2(c) shows the x-dependent
changes of λ(ω) at the low frequency limit, i.e., 200 cm−1,
which displays a peak near x=0.5 [16]. This x-dependent
change is reminiscent of the enhancement of γ shown as
a solid line in Fig. 2(c) [4]. These unusual behaviors sug-
gest that the Fermi surface topologies must experience
anomalies near x=0.5.
The de Haas-van Alphen (dHvA) measurement could
3be a very powerful tool to investigate Fermi surface
topologies of very pure samples. Mackenzie et al. per-
formed the dHvA measurements on Sr2RuO4 [17]. They
observed quantum oscillations coming from three t2g
bands, two from the dyz/zx bands and one from dxy band.
They found that n1:n2:n3 ≃ 1:1:1 and mb,1:mb,2:mb,3 ≃
1:2:3, where ni is the free carrier density of the i-th band.
Since ω2p = 4pine
2/mb, ω
2
p,1:ω
2
p,2:ω
2
p,3 ≃ 6:3:2. And, they
also reported that λ1(0):λ2(0):λ3(0) ≃ 3.3:3:4. From
these values, we can estimated λ(0) as 3.3 from Eq. (2).
This value is well consistent with the optically observed
value (∼3.5), shown as the solid circle on the y-axis of
Fig. 2(a), demonstrating the validity of our EDM analy-
sis for the multi-band system.
On the other hand, angle-resolved photoemission spec-
troscopy (ARPES) studies could be another way to look
into the Fermi surface. Recently, Wang et al performed
ARPES measurements on an x=0.5 sample, and showed
that its Fermi surface topology remains nearly the same
as that of an x=2.0 sample [10]. They claimed that the
OSMT should not occur in the CSRO system. The pho-
toemission studies are generally sensitive to the surface
(not to the bulk), and the ARPES study could not ex-
plain why the heavy mass state does exist near the x=0.5
sample.
Optical spectroscopy could provide new insights on
OSMT of the CSRO system. We will test the model of
the OSMT in the dyz/zx bands, which is a seemingly fas-
cinating and the most widely investigated scenario [7, 8]
to explain the anomalous heavy mass state around x=0.5
[4]. Using the dHvA measurement results [17], the ratio
between ω2p,3 and (ω
2
p,1+ω
2
p,2) for x=2.0 could be esti-
mated to be about 1/4.5. If the dyz/zx bands open a
Mott gap, the optical sum rule states that the reduction
in ω2p should reach around 82 % of ω
2
p. However, as shown
in Fig. 1(b), ω2p for x=0.5 decreases only by ∼20 %. Such
a difference in the reduction of ω2p clearly demonstrates
that the Mott-gap opening could not occur in the narrow
dyz/zx bands.
What should be responsible for the unusual behavior
near x=0.5? It should be noted that the enhancement of
γ between the x=2.0 and the x=0.5 samples is about 6.0,
significantly higher than the corresponding value (i.e. 1.4)
of λ(200 cm−1) [See Fig. 2(c).]. This difference comes
from how the mass enhancement of each band can con-
tribute to the total responses of γ and λ in the multi-
band CSRO system. The specific heat coefficient γ can
be written as a linear summation of contributions from
three t2g bands, i.e., γ =
∑
i γi. On the other hand,
λ(ω) obtained from Eq. (1) should be the averaged value
of mass enhancement contributions, weighted by ω2p,i, as
shown in Eq. (2). As an illustration, let us consider a sim-
ple multi-band system with three bands, whose plasma
frequencies and masses are exactly the same. If one of the
bands experiences a mass enhancement of 16 times, we
can estimate that the total specific heat can be enhanced
FIG. 3: (a) Proposed changes of ω2p for Case I, where only
one of the dyz/zx bands experience a reduction in spectral
weight. (b) Proposed changes of of ω2p for Case II, where
the dxy band experiences a significant spectral weight change.
(c) The estimated m∗(0) for each case. The solid line is the
specific heat data from Ref. [4]. The good agreement between
Case II and γ indicates that the mass renormalization near
the x=0.5 sample should occur mostly in the dxy band.
by 6 times. And from Eq. (2), assuming mb = m
∗, that
the average λ can be enhanced by only about 1.5 times.
In a real system, ω2p and λ(ω) of each band cannot be
the same. However, using a similar argument with proper
guidance, we will be able to unveil the nature of the heavy
mass state near the x=0.5 CSRO sample.
First, let us assume one limiting case (Case I), where
ω2p,1 would decrease with x, while ω
2
p,2 and ω
2
p,3 remain
the same as those at x=2.0. This limiting case is illus-
trated in Fig. 3(a). Using Eq. (2), ω2p,i = 4pinie
2/mb,i
and λi(0) = m
∗
i (0)/mb,i, we could evaluate m
∗
i (0) [18],
assuming the carrier densities ni of each band would
not change with x [10]. As shown in Fig. 3(c), m∗(0)
[≡ m∗1(0) + m∗2(0) + m∗3(0)] cannot be significantly en-
hanced, failing to explain the specific heat data. The re-
duction of ω2p,2 gives a similar result with that of Case I.
Second, let us consider the other limiting case (Case II),
where the dxy band would experience a significant change
with x [19], which is illustrated in Fig. 3(b). Using a sim-
ilar process, we could evaluate m∗(0). As shown with
the solid squares in Fig. 3(c), m∗(0) enhances from 21
at x=2.0 to around 200 at x=0.5, and then decreases for
x<0.5. This change of m∗(0) can explain that of γ quite
well. Our EDM analysis based on the multi-band exten-
sion indicates that the heavy mass state around x=0.5
should be contributed to by the renormalization of the
dxy band. It is quite interesting that the dxy band, hav-
ing a larger W than the dyz/zx bands, could be strongly
renormalized near x=0.5.
Finally, let us discuss how the dxy band could be renor-
4FIG. 4: x -dependent ab-plane ε2(ω) of the Ca2−xSrxRuO4
compounds. Two peaks around 3.3 and 4.7 eV correspond
to the transitions from the O 2p band to the Ru dyz/zx and
the Ru dxy band, respectively. The x-dependent positions of
the higher energy peak are indicated with vertical solid lines.
The shift of this O 2p → Ru dxy peak indicates that the
dxy band experience significant electronic structural changes
above x=0.5.
malized and give rise to a large m∗ near x=0.5. Figure 4
shows x-dependent changes of ε2(ω) [=4piσ1(ω)/ω] from
1.5 eV to 6 eV. For the x=2.0 compound, there are multi-
peak structures around 3.5 and 4.7 eV. For the metallic
CSRO compounds, the RuO6 octahedra are largely elon-
gated along the c-axis [3]. This leads to a stronger hy-
bridization of the dxy band with the O 2p band than that
of the dyz/zx bands, and results in the higher energy po-
sition of the p − d transition to the dxy band [20]. So,
the peaks around 3.5 and 4.7 eV can be attributed to the
charge-transfer transitions from the O 2p band to the
unoccupied Ru dyz/zx bands and to the Ru dxy band,
respectively. As x decreases down to x=0.5, the lower
energy peak does not experience a discernible change.
However, the higher energy peak shows a strong blue
shift, indicating that the unoccupied band having the
dxy character must be shifted to a higher energy away
from the Fermi energy. These changes could result in
smaller contribution of dxy band to the metallic response
and lead to the enhancement of its m∗(0) near x=0.5.
From the neutron scattering experiments [3], it is well
known that a rotation of the RuO6 octahedra along the
c-axis increases from around x=1.5 and saturates below
x=0.5. In this respect, the observed evolution of the dxy
band could be attributed to the RuO6 rotation [21]. The
detailed mechanism should be elucidated in future work
[22].
In summary, we addressed the evolution of electronic
structures in multi-band Ca2−xSrxRuO4 by investigating
the optical spectra. The argument based on the optical
sum rule revealed that dyz/zx bands should remain itin-
erant near x=0.5. Using the extended Drude model anal-
ysis, we found that the Fermi surface topologies should
experience anomalies near x=0.5, and we proposed that
the heavy mass state near x=0.5 should come from a
strong renormalization of the dxy band.
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